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Abstract 
Body color is a polymorphic trait in Drosophila melanogaster. Previous 
studies have shown that there are positive correlations between darkness of body 
color and altitude of origin and between that and latitude of origin, suggesting that 
pigmentation is an adaptive trait. However, physiological and genetic basis of body 
color adaptation have not been fully elucidated. I focused on several genes involved 
in body color formation, ebony, tan, and bab1, and aimed to study the relationship 
between expression levels of these genes and resistance to environmental stress. 
 First, I investigated the relationship between desiccation resistance and 
the ebony gene expression immediately after eclosion. Desiccation resistance 
measured from four wild-derived strains in the Drosophila Genetic Reference Panel 
(DGRP), three spontaneous ebony mutant strains, and a wild-type strain (Canton-
S) indicated that although the darkest DGRP strain with the lowest expression 
level of ebony showed the weakest resistance among the DGRP strains, the effect 
of background genetic differences were more substantial. Therefore, I proceeded to 
knockdown ebony, tan, and bab1 in a controlled genetic background and measure 
the desiccation resistance. Whole-fly RNAi knockdown was performed by utilizing 
the GAL4-UAS system. The result showed that the desiccation resistance of the 
whole-body ebony knockdown flies was significantly weaker than the control. 
Furthermore, experiments using tissue-specific knockdown flies by using different 
GAL4 drivers indicated that the expression of ebony in epidermis affects 
dehydration speed. Knocking down tan and bab1 had no effect on dehydration 
speed. Reduced productivity of yellow-colored sclerotin by ebony knockdown may 
be responsible for the faster dehydration through the cuticle. 
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 Second, I investigated the relationship between pigmentation gene 
expression and cold resistance. The comparison between my pigmentation 
measurements and published datasets revealed a positive correlation between the 
extent of dark pigmented area of the abdominal segment (A4) and chill coma 
recovery time in 20 DGRP strains, which suggested an association between body 
pigmentation and cold resistance. Then, I measured survival rate after 24-hour 
exposure to 1℃ in four DGRP strains from the whole-body RNAi knockdown flies 
of ebony, tan, and bab1. The results showed that cold resistance increased 
significantly in the ebony knockdown flies compared to the control, but the same 
comparisons in other two genes were not significant. The possible mechanism 
underlying the relationship between ebony expression level and cold resistance is 
not clear at this point. 
 From these experiments, I found that the expression level of ebony, which 
is a major locus controlling the body melanism in D. melanogaster, is involved in 
desiccation and cold resistances, and it is likely to be playing a role in adjusting the 
cuticle structure and water permeability. 
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Introduction 
 
Insect pigmentation patterns exhibit various dramatic intraspecific 
polymorphism (True 2003; Gray and Mckinnon 2006; Wittkopp and Beldade 2009). 
In Drosophila, body color polymorphism is thought to be involved in adaptation to 
some environmental factors (Gibert et al. 1996; Wittkopp et al. 2003; Parkash et al. 
2008; Wang et al. 2008; Bastide et al. 2014). In particular, studies on natural 
populations of Drosophila melanogaster reported positive correlations between 
darkness of body color variation and altitude of origin (Pool and Aquadro 2007; 
Parkash et al. 2008, 2009) and between that and latitude of origin (Telonis-Scott et 
al. 2011), suggesting again that pigmentation is an adaptive trait.  
 Studies on various Drosophila species showed associations between 
pigmentation traits and environmental factors such as humidity (Parkash et al. 
2010; Brisson et al. 2005; Singh et al. 2009), temperature (Gibert et al. 1996; Parkash 
et al. 2008), and ultra violet radiation (Matute and Harris 2013; Bastide et al. 2014). 
D. melanogaster is one of them; darker body individuals showed stronger desiccation 
resistance than lighter color ones (Parkash et al. 2008; Ramniwas et al. 2012), and 
the former individuals showed stronger cold resistance than the latter (Parkash et 
al. 2008). These studies focused on finding the relationships between body color 
variation and environmental stress resistance, but had not paid attention to the 
genes involved in the color variation. Therefore, it is still not clear whether the 
known pigmentation genes are also involved in adaptation to environmental factors 
or not. 
 D. melanogaster is a suitable model organism for elucidating the genetic 
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basis of the association between body pigmentation and environmental stress 
resistance for the following reasons. First, genes involved in body melanisation have 
been identified. Melanin biosynthesis and pigmentation development takes place 
mostly during the first several hours after eclosion. Enzymes in the melanin 
biosynthesis pathway and transcription factors that control them are well 
documented (Wittkopp et al. 2002; Gibert et al. 2007). Among them, previous studies 
revealed that ebony is responsible for the body color variation in natural populations 
of D. melanogaster (Takahashi et al. 2007; Pool and Aquadro 2007; Rebeiz et al. 2009; 
Miyagi et al. 2015). Also, tan and bab1 are shown to be involved in the intraspecific 
differences in abdominal pigmentation patterns (Kopp et al. 2003; True et al. 2005; 
Bastide et al. 2013; Dembeck et al. 2015). Second, it is feasible to conduct genetic 
manipulation easily. It is possible to manipulate expression levels of specific genes 
by using the GAL4-UAS system (Brand and Perrimon 1993). These advantages 
cannot be enjoyed when using other Drosophila species, and therefore, enabled me 
to investigate the functional effects of these pigmentation genes on environmental 
adaptation. 
 In this study, I utilized D. melanogaster to elucidate the relationship 
between pigmentation genes and environmental stress resistances. I focused on 
three genes, ebony, tan, and bab1, which are involved in body color formation in the 
melanin biosynthesis pathway, and two environmental stress factors, desiccation 
and low temperature. First, I compared desiccation and cold resistances among 
strains from a natural population, which showed different expression level of ebony 
in developing epidermis. Second, I compared desiccation resistance measurements 
among three ebony null mutants and a wild-type strain. Finally, I utilized the GAL4-
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UAS system to knockdown ebony, tan, bab1 and investigated the effects on 
desiccation and cold resistances. Knocked down individuals were compared to the 
respective control individuals with identical genetic backgrounds. 
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Materials and Methods 
 
Fly strains 
Canton-S (CS) and four strains from the Drosophila melanogaster Genetic 
Reference Panel (DGRP, Ayroles et al. 2009; Mackay et al. 2012; Huang et al. 2014), 
RAL-324, RAL-358, RAL-799, and RAL-852, were used for measuring desiccation 
and cold resistances. Pigmentation traits were measured from the above four strains 
and 16 additional strains, RAL-208, RAL-303, RAL-335, RAL-357, RAL-360, RAL-
365, RAL-380, RAL-399, RAL-517, RAL-555, RAL-705, RAL-707, RAL-732, RAL-
774, RAL-786, and RAL-820. Three ebony null mutant strains, e1 (106436), e11 
(101630), and es (105940) were obtained from the Kyoto Stock Center (DGRC, 
https://kyotofly.kit.jp/cgi-bin/stocks/index.cgi). A ubiquitous GAL4 driver (Act5C-
GAL4, BL 3954), a glial cell driver (repo-GAL4, BL 7415), and a trachea driver (btl-
GAL4, BL 8807) were obtained from the Bloomington Drosophila Stock Center 
(http://flystocks.bio.indiana.edu/) and a partial epidermis GAL4 driver (pnr-GAL4, 
106796) were obtained from DGRC. Actin-GAL4 strain from Dr. Toshiro Aigaki (Ito 
et al. 1997) was also used. UAS strains for RNAi, UAS-e-IR (IR: inverted repeat 
sequence) on the second (3331R-3) and the third (3331R-1) chromosomes were from 
NIG-Fly (http://www.shigen.nig.ac.jp/fly/nigfly/), UAS-t-IR on the third chromosome 
(18124), UAS-bab1-IR on the second (50285) and the third (50286) chromosomes 
were from Vienna Drosophila RNAi Center (VDRC, 
http://stockcenter.vdrc.at/control/main).  w1118 control strains with identical genetic 
background as the UAS-IR strains were from Dr. Ryu Ueda (National Institute of 
Genetics) and VDRC (60000). All flies were grown at 25℃ on standard corn-meal fly 
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medium. 
 
Desiccation resistance 
Virgin females were used for the desiccation resistance measurements. Flies 
were kept at 25℃ and 60% relative humidity (Rh) for 5‒7 days after eclosion. A 
desiccation chamber consisted of a dry glass vial (13 ml) that contained 5 g silica gel 
at the bottom and a piece of Parafilm (Bemis Company) was used to seal the top of 
each vial. Silica gel was covered with a piece of mesh in order to prevent the flies 
from touching it directly. Rh inside the desiccation chamber was kept at ~2%. 
For the single-fly measurement, survival time (h) in the desiccation chamber, 
water loss at death (%), and dehydration speed (μg/h) were measured for each 
individual. Each individual was anesthetized by CO2 and weighed before placing it 
into a desiccation chamber (weight A (mg)). The survival was scored at 1 hour 
intervals, and the weight was measured upon death (weight B (mg)). Each fly was 
returned into the desiccation chamber and dried for more than 24 hours. Then, the 
weight of the dehydrated fly (weight C (mg)) was measured. The weight was recorded 
up to a 0.01 mg order by using an electronic balance (AG285, METTLER TOLEDO). 
The water loss at death (%) was calculated as {(weight A - weight B) / (weight A - 
weight C)} × 100 and the dehydration speed (μg/h) was calculated as (weight A - 
weight B) / survival time. 
For the multiple-fly measurement, dehydration speed (μg/h) was measured 
from 10 flies. The total weight of 10 individuals (weight D (mg)) was measured before 
placing them into a desiccation chamber. Flies were anesthetized with CO2 before 
measurement. After 5 hours, the total weight of flies (weight E (mg)) was measured 
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by the same procedure. The data was excluded from the analysis if more than 3 flies 
died during the 5 h treatment. The dehydration speed (μg/h) was calculated as 
(weight D - weight E) / 5, and normalized by the average value of the control 
individuals measured on the same day. 
 
Cold resistance 
Twenty virgin females kept at 25℃ for 5‒7 days after eclosion were placed 
into each glass vial (13 ml) with cotton plugs and ~1 ml medium (10% sucrose, 1% 
agar, 1% butyl 4-hydroxybenzoate in water) at the bottom. The vial was placed in an 
incubator (FMU-054Ⅰ, Fukushima) set to 1℃ for 24 hours. After the treatment, 
flies were recovered at 20℃ for 48 hours and the number of alive flies were counted. 
The flies that were able to stand up and move were scored as alive. 
 
Realtime RT-qPCR 
The expression level of ebony was quantified by realtime RT-qPCR. Total 
RNA was extracted from a virgin female from each strain. Flies were collected within 
30 min of eclosion, and the heads were removed in 50% RNAlater (Ambion) in 
Phosphate Buffered Saline (PBS) with 0.1% Tween20 (MP Biomedicals). Total RNA was 
extracted using a TRIzol Plus RNA Purification Kit (Life Technologies) from a headless 
fly and was quantified using a Nanodrop 2000c spectrophotometer (Thermo Fisher 
Scientific). 500 ng total RNA was used to synthesize first strand cDNA by using a 
PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). Two to three biological 
replicates were obtained for each strain. Realtime RT-qPCR was performed in a 25 µl 
reaction volume with SYBR Premix Ex Taq II (Tli RNaseH Plus, TaKaRa) on a Thermal 
9 
 
Cycler Dice TP800 (TaKaRa). Primer pairs used for RT-qPCR were ebony: 
5′−CTTAGTGTGAAACGGCCACAG−3′ and 5′−GCAGCGAACCCATCTTGAA−3′; 
Act57B: 5′−CGTGTCATCCTTGGTTCGAGA−3′ and 
5′−ACCGCGAGCGATTAACAAGTG−3′; tan: 5′−GTTGAGGGGCTTCGATAAGA−3′ 
and 5′−GTCCTCCGGAAAGATCCTG−3′; and bab1: 
5′−GCAGCTGGTACTGGTAGCTGTC−3′ and 
5′−CCGATGACTTGGAGATCAAGC−3′. Act57B was used as an internal control. Two 
replicate RT-qPCR reactions were performed for each cDNA sample. 
 
Measurement of abdominal dark-pigmented area 
Percent dark-pigmented areas of the 4th, 5th, and 6th abdominal segments 
(A4, A5, and A6, respectively) were measured from 6‒7 day-old adult females. The 
head and the thorax were removed after overnight incubation in 10% glycerol in 
ethanol at 4℃. Only the abdominal segment was incubated in 10% KOH for 2 h at 
65℃ and were washed twice by 10% glycerol in PBS. The abdominal cuticle was 
folded at the dorsal midline and pressed by sandwiching it between two glass slides 
for 15 min at 65℃. Then the abdominal cuticle was cut at two positions and mounted 
in Hoyer’s solution on a slide. Cuticle images were captured by a digital camera (DP73, 
OLYMPUS) connected to a stereoscopic microscope (SZX16, OLYMPUS). All the 
images were captured using the RGB mode and under identical parameters (exposure 
time, zoom width, and illumination) with the reference grayscale (Brightness = 128; 
ColorChecker, X-rite). White balance was corrected using the white scale (Brightness = 
255; ColorChecker, X-rite) with CellSens standard 1.6 software (OLYMPUS). Image 
analysis was conducted using the Image J software (Schneider et al. 2012). Dark-
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pigmented area of each segment was defined using the threshold set to the midpoint 
brightness value between stripe and non-stripe regions (Miyagi et al. 2015). 
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Results 
 
1. Association between desiccation resistance and pigmentation variation 
 In order to investigate the relationship between desiccation resistance and 
pigmentation variation in D. melanogaster, desiccation resistance was quantified for 
wild-type strains, ebony mutants, and knockdown individuals of ebony, tan, and 
bab1 by single-fly and multiple-fly measurements. In the single-fly measurement, 
survival time (h), dehydration speed (μg/h), and water loss at death (%) were 
recorded, whereas only dehydration speed (μg/h) was measured in the multiple-fly 
measurement. 
 
1-1 Desiccation resistance of the DGRP strains 
 Desiccation resistance was measured from four DGRP strains (RAL-324, 
RAL-358, RAL-799, and RAL-852) with variable body color intensities (Fig. 1 A) by 
single-fly measurement. In a previous study, RAL-324 showed the lowest expression 
level of ebony at the period immediately after eclosion among the four strains 
(Sunaga et al. in press). The survival time (h) of this strain, RAL-324 in desiccation 
chamber, was significantly shorter than the other three strains (Fig. 1 B). 
Dehydration speed (μg/h) and water loss at death (%) were not significantly different 
among the strains (Fig. 1 C and 1 D). However, although not statistically significant, 
dehydration speed (μg/h) of RAL-324 appeared to be slightly higher than the others 
(Fig. 1 C), which suggested that the increased dehydration speed may contribute at 
least partly to the short survival time of this strain.  
 
1-2 Desiccation resistance of ebony null mutants 
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 Single-fly measurements were performed to assess desiccation resistance of 
the three ebony null mutants, e1, e11 and es. A wild-type strain, Canton-S (CS) was 
used as a control. e1 is a mutant lacking all the exons downstream of the third exon, 
and e11 has a 447bp deletion in the first exon (Rossi et al. 2014). These ebony mutants 
showed very dark body color (Fig. 2 A). There was no difference between each ebony 
mutant and CS in survival time, dehydration speed, and water loss at death (Fig. 2 
B‒D). There was no indication of change in desiccation resistance due to ebony 
knockout. However, a small but significant difference in dehydration speed between 
e1 and es (Fig. 2 C) was detectd suggesting that differences in genetic background 
other than ebony among the four strains contributed more to the dehydration speed. 
 
1-3 Desiccation resistance of whole-body ebony knockdown flies 
 A ubiquitous GAL4 driver, Act5C-GAL4, was used to induce RNAi to 
knockdown ebony in whole body. Two UAS-e-IR strains, Ⅱ and Ⅲ, with different 
transgenic insertion sites were crossed to Act5C-GAL4 strain. The body color of the 
two F1 whole-body ebony knockdown flies, Act5C-GAL4 / UAS-e-IR (Ⅱ or Ⅲ), were 
apparently darker than the control (Fig. 3 A). Expression level of ebony in the 
knockdown individuals quantified from the headless-body was about 1/100 of that of 
the control (Fig. 3 B). Single-fly measurements showed that survival time 
measurements of both ebony knockdown strains were shorter and their dehydration 
speed measurements were higher than those of the control (Fig. 3 C and 3 D). 
However, percent water loss at death was not significantly different between the 
knockdown and the control individuals (Fig. 3 E). These results indicated that the 
ebony knockdown individuals were more vulnerable to desiccation stress compared 
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to the control because of the faster dehydration speed. 
 
1-4 Dehydration speed of tissue-specific ebony knockdown 
 In order to identify the specific tissue, in which ebony knockdown affects 
dehydration speed, tissue-specific GAL4 drivers, pnr-GAL4, btl-GAL4, and repo-
GAL4 were used. In pnr-GAL4 / UAS-e-IR (Ⅱ or Ⅲ) flies, ebony was knocked down 
at about 1/3 of the dorsal epidermis area and the cuticle was darkly pigmented 
around the dorsal midline (Fig. 4 A). In btl-GAL4 / UAS-e-IR (Ⅱ or Ⅲ) flies, ebony 
was knocked down at trachea throughout the development and the body color was 
not different from that of the control (Fig. 4 A). Also, ebony was knocked down at 
glial cells in repo-GAL4 / UAS-e-IR (Ⅱ or Ⅲ) flies, whose body color was not affected 
(Fig. 4 A). Dehydration speed within 5 h treatment in the desiccation chamber was 
measured from 10 flies (multiple-fly measurement). Whole-body knockdown 
individuals showed a higher dehydration speed than the control (Fig. 4 B) as in the 
single-fly measurement (Fig. 3 D). Also, the partial epidermis knockdown 
individuals showed a slightly higher speed than the control (Fig. 4 C). However, 
significant difference between the trachea knockdown and the control individuals 
was not observed (Fig. 4 D). Similarly, no significant difference was shown between 
the glial cell knockdown and the control individuals (Fig. 4 E). These results showed 
that ebony expression level in epidermal cells is likely to affect dehydration speed. 
 
1-5 Dehydration speed of whole-body tan and bab1 knockdown 
 tan and bab1 genes are known to affect body pigmentation patterns (Kopp 
et al. 2003; True et al. 2005; Bastide et al. 2013; Dembeck et al. 2015). Indeed the whole-
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body knockdown individuals, Act5C-GAL4 / UAS-tan-IR (Ⅲ) and Act5C-GAL4 / 
UAS-bab1-IR (Ⅱ or Ⅲ), exhibited some pigmentation differences from the controls 
(Fig. 5 A, B). Act5C-GAL4 / UAS-tan-IR (Ⅲ) individuals had no dark trident pattern 
on the thoracic segment, which was present in the control, and their dark pigmented 
area of the 6th abdominal segment (A6) was narrower than the control (Fig. 5 A). On 
the other hand, the dark pigmented area of A6 of Act5C-GAL4 / UAS-bab1-IR (Ⅱ or 
Ⅲ) appeared to be wider than that of the control (Fig. 5 B). But there was no 
significant differences in dehydration speed between knockdown and control 
individuals (Fig. 5 E). These results suggested that the role of tan and bab1 
expression levels in determining the dehydration speed are likely to be very limited. 
 
 
2. Association between cold resistance and pigmentation variation 
 A variety of phenotypic data from the DGRP strains have been obtained by 
Ayroles et al. (2009) and Mackay et al. (2011) and published online 
(http://dgrp2.gnets.ncsu.edu/). Chill coma recovery time, which is the time (min) 
recorded until flies stand on their own legs when transferred to room temperature 
after placed on ice for 3 h (Ober et al. 2015), was used to investigate the relationship 
between body pigmentation and cold resistance. 
 Also, measurements of survival rate upon cold treatment were performed to 
investigate the relationship between the expression levels of genes involved in the 
body color formation and cold resistance. Two ubiquitous GAL4 driver and five UAS 
strains were used for the RNAi knockdown. 
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2-1 Association between chill coma recovery time and pigmentation 
 The percent dark-pigmented area of A4 ‒A6 in 20 DGRP strains were 
measured (Table 1). To compare body color traits and cold resistance, correlation 
analysis between these data and the data of chill coma recovery time were performed 
using R (R Core Team 2014). A significant negative correlation between percent 
dark-pigmented area of A4 and chill coma recovery time was detected (Table 2). This 
result suggested that body color traits may be involved in cold resistance. 
 
2-2 Survival rate upon cold treatment of DGRP strains 
 In order to compare cold resistance among the four DGRP strains, survival 
rate at 48 h in 20℃ after treated in 1℃ for 24 h was measured. This survival rate 
of RAL-799 was shorter than that of RAL-852 and RAL-358, and that of RAL-324 
was shorter than that of RAL-358 (Fig. 6 A). Also, there was a clear linear 
relationship between chill coma recovery time and survival rate after cold treatment 
(Pearson’s r = -0.98, Fig. 6 B), indicating that these two measurements are highly 
consistent. 
 
2-3 Changes in cold resistance by RNAi knockdown of ebony, tan, and bab1 
 To assess the effect of genes involved in body pigmentation, ebony, tan, and 
bab1 were knocked down by crossing a ubiquitous GAL4 driver and the UAS-IR 
strains. Survival rate of the knocked down and the control flies were measured at 48 
h recovery period in 20℃ after cold treatment. The survival rate of Actin-GAL4 / 
UAS-e-IR (Ⅱ or Ⅲ) were substantially higher than the control (Fig. 7 A). However, 
the survival rates of Act5C-GAL4 / UAS-tan-IR (Ⅲ) and Act5C-GAL4 / UAS-bab1-IR 
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(Ⅱ or Ⅲ) individuals were not significantly different from the control (Fig. 7 B). 
These results suggested that the expression level of ebony may be associated with 
cold resistance. 
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Discussion 
 
 In this study, desiccation and cold resistances of wild-type strains, 
spontaneous null mutants, and transgenic flies were measured to investigate the 
effect of the expression levels of genes involved in pigmentation development and 
environmental stress resistance. Among the four DGRP strains originated from wild-
population, RAL-324 had the lowest ebony expression level at the period 
immediately after eclosion(Sunaga et al. in press), and showed a significantly shorter 
survival time in the desiccation chamber than other three strains (Fig. 1 B). The 
relative expression levels of ebony at the period immediately after eclosion were 1.0, 
1.5, 0.27, and 0.16 in RAL-799, RAL-852, RAL-358, and RAL-324, respectively 
(Sunaga et al. in press). Therefore, ebony expression in RAL-358 was considerably 
lower in comparison to that in RAL-799 and RAL-852, and was only a slightly higher 
than that in RAL-324. However, RAL-358 did not show a significant reduction in 
desiccation resistance compared to RAL-799 and RAL-852. In addition, significant 
differences were not observed between the survival time of CS and that of the three 
ebony mutants in the desiccation experiment (Fig. 2 B). These results suggested that 
in general, complex genetic factors other than ebony play a substantial role in 
desiccation and cold resistances.  
In a previous study, it has been argued that an ebony mutant is stronger to 
desiccation stress than a wild-type strain (Kalmus 1941). However, my results 
showed no difference in desiccation resistance between wild-type and ebony mutant 
strains, but showed a significant difference in dehydration speed between two of the 
three ebony mutant strains (Fig. 2 C). Thus, it is difficult to draw a conclusion from 
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the comparisons of mutant and wild-type strains with different genetic background, 
because the influence of other genetic factors in the background is large. Therefore, 
conducting a gene-specific manipulation is necessary to control the effect of such 
factors and test only the effect of the manipulated genes. 
In this study, I knocked down ebony using the GAL4-UAS system, and 
measured desiccation and cold resistances of the knocked down individuals. The 
whole-body ebony knockdown individuals showed a shorter survival time under 
desiccation stress and a higher survival rate after cold treatment as compared to 
those of the control (Fig. 3 C, Fig. 7 A). These results showed that under an identical 
genetic background, the expression level of ebony exhibits a significant effect on 
environmental stress resistance. 
 The whole-body ebony knockdown individuals showed, not only a shortened 
survival time under desiccation stress, but a higher dehydration speed compared to 
those of the control (Fig. 3 C and 3 D). This suggests that the differences in 
desiccation resistance is likely to be due at least partly to the differences in 
dehydration speed. I also performed tissue-specific knockdown of ebony in the major 
tissues known to have ebony expression, glial cells of the CNS (Richardt et al. 2002) 
and trachea (Hsouna et al. 2007) in addition to the developing epidermis. I used 
partial-epidermis GAL4 driver, pnr-GAL4, instead of a GAL4 driver of the whole-
epidermis, which was not available. The dehydration speed of the partial-epidermis 
ebony knockdown individuals was higher than that in the control (Fig. 4 C). This 
was a significant change in the same direction as the whole-body knockdown 
individuals (Fig. 4 B). These results suggested that the expression level of ebony in 
the epidermis affects dehydration speed, but it is necessary to confirm this result by 
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testing with a pan-epidermis GAL4 driver. 
One of the causes of the change in dehydration speed by expression level 
manipulation of ebony in epidermis may be a change in cuticle structure that 
increased the water permeability. Function of Ebony involved in the body color 
formation is to catalyze the reaction from dopamine to N-βalanyl dopamine (NBAD) 
(Wittkopp et al. 2002; Takahashi 2013), which is involved in cuticle sclerotization 
(Jacobs 1985, Anderson 2010). In order to test if the quantity of NBAD derived 
sclerotin affects dehydration speed of the cuticle, it is worth measuring the 
dehydration speed of NBAD injected flies. Also, knocking down black, which encodes 
an enzyme that synthesizes β-alanine should have a similar effect on dehydration 
phenotype. The mechanism underlying the change in cold resistance due to ebony 
knockdown is not straightforward at this point. Investigating the effect of other 
pigmentation genes on cold resistance may provide some information about the 
possible mechanism. 
 This study showed that D. melanogaster individuals with dark body color by 
knocking down ebony exhibited reduced desiccation resistance. It was opposite from 
the previous studies that utilized natural populations from India (Parkash et al. 
2008; Ramniwas et al. 2012). In these previous studies, body color was quantified by 
the extent of abdominal pigmentation (David et al. 1990), which is not directly 
controlled by ebony. This could be a reason for the discrepancy. However, two of the 
genes involved in the extent of abdominal pigmentation area, tan and bab1, did not 
contribute to the difference in dehydration speed (Fig. 5 E). The relationship between 
body color and desiccation resistance may vary depending on the underlying genes 
involved in body color variation. Therefore, a detailed analysis on the genetic basis 
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of pigmentation variation in Indian populations is awaited. 
 In the whole-body ebony knockdown individuals, desiccation resistance was 
lower and cold resistance was higher than that in the control. This implies that the 
expression level differences of ebony might have both advantages and disadvantages 
in coping with environmental stress. In other words, there may be a trade-off 
between the resistance abilities to those two different environmental stress factors. 
Therefore, expression level of ebony in developing epidermis may be under selection 
from many different environmental factors. This kind of variable selective pressures 
from the environment might be contributing to the maintenance of body color 
variation in natural populations of this species. 
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Table 1 Data used to investigate the associations between body pigmentation and 
chillcoma recovery time. 
 
DGRP % dark-pigmented area 
Chill coma recovery time (min) d 
strain A4 a A5 b A6 c  
RAL-208 47.7 51.3 76.4  14.6  
RAL-303 41.5 51.9 74.7  18.6  
RAL-324 43.0 59.9 81.2  18.5  
RAL-335 30.5 54.0 83.0  15.1  
RAL-357 35.0 49.3 81.1  13.9  
RAL-358 41.5 49.5 70.1  11.9  
RAL-360 51.6 66.7 77.4  9.3  
RAL-365 38.4 38.7 53.7  11.4  
RAL-380 40.5 52.2 84.5  14.0  
RAL-399 37.3 42.4 65.2  15.8  
RAL-517 35.4 44.6 76.7  18.9  
RAL-555 45.4 48.8 78.0  8.8  
RAL-705 32.5 32.8 50.1  24.0  
RAL-707 32.9 38.4 73.5  18.7  
RAL-732 37.1 35.1 66.1  14.5  
RAL-774 36.9 39.1 60.7  13.7  
RAL-786 33.4 35.9 54.6  18.2  
RAL-799 26.1 38.1 82.0  21.2  
RAL-820 39.2 36.3 57.5  14.6  
RAL-852 19.6 30.2 78.0   13.4   
       
a % dark pigmented area of the fourth abdominal segment (A4) in adult female published in 
Miyagi et al. (2015). 
b % dark pigmented area of the fifth abdominal segment (A5) in adult female published in 
Miyagi et al. (2015). 
c % dark pigmented area of the sixth abdominal segment (A6) in adult female published in 
Miyagi et al. (2015). 
d Measurements in adults from Ayroles et al. (2009) and Mackay et al. (2012).  
 
  
Table 2 Correlation between percent dark-pigmented area of abdominal segments 
and chill coma recovery time. 
 
Chill coma recovery time in female    
  % dark pigmented area in female 
  A4 A5 A6 
Pearson's r -0.451* -0.344 -0.164 
 
A4, A5, and A6 stand for 4th, 5th, and 6th abdominal segments, respectively.  
* : P < 0.05 
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Fig. 1 Desiccation resistance and dehydration measurements of DGRP strains.
(A) Dorsal images of 5–7 day-old females from four DGRP strains used for the single-fly 
measurements. (B) Survival time (h), (C) dehydration speed (μg/h), and (D) water loss at death 
(%) of the four DGRP strains, RAL-799 (N = 9), RAL-852 (N = 11), RAL-358 (N = 12), and RAL-
324 (N = 12). ** : P < 0.01, *** : P < 0.001 by Student’s t-test without corrections for multiple 
testing. Error bar represents SE. 
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Fig. 2   Desiccation resistance and dehydration measurements of ebony mutants and CS.
(A) Dorsal images of 5–7 day-old females from CS and three ebony null mutants used for the 
single-fly measurements. (B) Survival time (h), (C) dehydration speed (μg/h), and (D) water loss at 
death (%) of the four strains, CS (N = 5), e1 (N = 19), e11 (N = 20), and es (N = 16). * : P < 0.05 by 
Student’s t-test without corrections for multiple testing. Error bar represents SE.
(A) (B)
(C) (D) CS e
1 e11 es
CS e1 e11 es CS e1 e11 es
CS e1 e11 es
02
4
6
8
10
12
14
16
Act×w Act×Ⅲ Act×Ⅱ
su
rv
iv
al
 t
im
e 
(h
)
0
5
10
15
20
25
30
35
40
45
50
Act×w Act×Ⅲ Act×Ⅱ
d
eh
yd
ra
ti
o
n
 s
p
ee
d
 (
μ
g/
h
)
0
10
20
30
40
50
60
Act×w Act×Ⅲ Act×Ⅱ
w
at
er
 lo
ss
 a
t 
d
ea
th
 (
%
)
0.001
0.01
0.1
1
10
Act5C_control Act5C_kd_3 Act5C_kd_2
re
la
ti
ve
 e
xp
re
ss
io
n
 le
ve
l
Act5C-GAL4/
UAS-e-IR(Ⅱ)
Act5C-GAL4/
UAS-e-IR(Ⅲ)
Act5C-GAL4/
+
(A) (B)
(C) (D) (E)
Fig. 3 Desiccation resistance and dehydration measurements of whole-body ebony knockdown 
individuals.
(A) Dorsal images of 5–7 day-old females from strain of whole-body knockdown of ebony and 
control used for the single-fly measurements. (B) Quantification of ebony expression level by real-
time RT-qPCR (N=3). (C) Survival time (h), (D) dehydration speed (μg/h), and (E) water loss at 
death (%) of the three strains, Act5C-GAL4/+ (N = 22), Act5C-GAL4/UAS-e-IR(Ⅲ) (N = 22), and 
Act5C-GAL4/UAS-e-IR(Ⅱ) (N = 21). * : P < 0.05, ** : P < 0.01, *** : P < 0.001 by Student’s t-test 
without corrections for multiple testing. Error bar represents SE.
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Fig. 4 Multiple-fly dehydration speed measurements of tissue-specific ebony knockdown individuals.
(A)Dorsal images of 5–7 day-old females subjected to tissue-specific knockdown of ebony and their 
controls. (B-E) Relative dehydration speed within 5 h in desiccation chamber. Dehydration speed of the 
controls are shown as 1. (B) Act5C-GAL4/+ (N = 12), Act5C-GAL4/UAS-e-IR(Ⅲ) (N = 6), and Act5C-
GAL4/UAS-e-IR(Ⅱ) (N = 10), (C) pnr-GAL4/+ (N = 15), pnr-GAL4/UAS-e-IR(Ⅲ) (N = 17), and pnr-
GAL4/UAS-e-IR(Ⅱ) (N = 17), (D) btl-GAL4/+ (N = 16), btl-GAL4/UAS-e-IR(Ⅲ) (N = 6), and btl-
GAL4/UAS-e-IR(Ⅱ) (N = 16), and (E) repo-GAL4/+ (N = 9), repo-GAL4/UAS-e-IR(Ⅲ) (N = 7), and repo-
GAL4/UAS-e-IR(Ⅱ) (N = 9). * : P < 0.05, *** : P < 0.001 by Student’s t-test without corrections for 
multiple testing. Error bar represents SE.
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Fig. 5 Multiple-fly dehydration speed measurement of whole-body tan and bab1 knockdown 
individuals.
(A) Dorsal and (B) lateral images of 5–7 day-old females subjected to whole-body knockdown of tan and 
bab1 individuals. The arrows point to A6. (C,D) Quantification of ebony expression level by real-time 
RT-qPCR (N=3). (E) Relative dehydration speed within 5 h in desiccation chamber of Act5C-GAL4/+ (N 
= 10), Act5C-GAL4/UAS-t-IR(Ⅲ) (N = 11), Act5C-GAL4/UAS-bab1-IR(Ⅲ) (N = 12), and Act5C-
GAL4/UAS-bab1-IR(Ⅱ) (N = 10). Dehydration speed of the controls are shown as 1. * : P < 0.05, ** : P < 
0.01 by Student’s t-test without corrections for multiple testing. Error bar represents SE.
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Fig. 6 Survival rate after cold treatment and chill coma recovery time measurements in the four 
DGRP strains.
(A) Survival rate after cold treatment (1℃, 24 h) of the four DGRP strains, RAL-799 (N = 7), RAL-
852 (N = 8), RAL-358 (N = 6), and RAL-324 (N = 7). * : P < 0.05, ** : P < 0.01, by Student’s t-test 
without corrections for multiple testing. Error bar represents SE. (B) Relation ship between 
survival rate and chill coma recovery time (Pearson’s r = -0.98).
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Fig. 7 Survival rate after 24h cold treatment in the whole-body knockdown individuals of ebony, 
tan, and bab1.
(A) Survival rate after cold treatment (1℃, 24 h) of the control, Act5C-GAL4/+ (N = 11), and the 
whole-body knockdown of ebony, Act5C-GAL4/UAS-e-IR(Ⅲ) (N = 12) and Act5C-GAL4/UAS-e-
IR(Ⅱ) (N = 12). (B) Survival rate after cold treatment of the control, Act5C-GAL4/+ (N = 11), and 
the whole-body knockdown of tan, Act5C-GAL4/UAS-t-IR(Ⅲ) (N = 15), and bab1, Act5C-
GAL4/UAS-bab1-IR(Ⅲ) (N = 15) and Act5C-GAL4/UAS-bab1-IR(Ⅱ) (N = 11). Note that the wild 
type strains used to control genetic background were different between (A) and (B). ** : P < 0.01, 
*** : P < 0.001 by Student’s t-test without corrections for multiple testing. Error bar represents 
SE.
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